Two-dimensional distributions of D α , D β , D γ and D δ are reconstructed from line-integral measurements. The two-dimensional emission ratio of D δ to D γ indicates that the volume recombination occurs throughout the inner divertor plasma. In particular, at an emission peak above the inner strike point, it is shown that the population density of high n levels (n = 4, 5 and 6) is determined by the electron-ion volume recombination with an electron temperature and density of 0.2-0.5 eV and 1 × 10 20 m −3 , respectively, and that the population density of the n=3 level is not explained by the recombining plasma component with or without the ionizing plasma component.
Introduction
Heat and particle control is one of the essential means for mitigating damage to plasma-facing components in fusion devices. A poloidal divertor is one of the most promising methods for achieving this control. In particular, creating detached divertor plasmas is a promising operation scenario of a divertor tokamak reactor, because volume recombination dissipates the plasma flowing onto the divertor plates, leading to significant reduction of heat and particle load [1, 2] .
In detached divertor plasmas, hydrogen atoms are produced by the volume recombination at the same time hydrogen ions are produced by the ionization [3] [4] [5] . These reactions occur predominantly at different spatial zones. Hence investigating this complicated spatial structure of the detached divertor plasmas is of interest and significance for plasma transport studies and fusion research development.
In studies of detached divertor plasmas, line-integral spectroscopic measurement has been performed [3] [4] [5] [6] . The electron temperature evaluated from the intensity ratios of the Balmer-series lines from highly excited levels was ∼0.5 eV, the electron density evaluated from the spectral line broadening was ∼1 × 10 20 m −3 , and the volume recombination flux was roughly equal to the ionization flux [7] . However, two-dimensional distributions of these physical quantities were not investigated.
In this paper, two-dimensional spectroscopic measurement was performed for the deuterium Balmer- series lines in detached divertor plasmas. By using an improved tomographic reconstruction code [8] , twodimensional spatial distributions of the Balmer-series line emissions were reconstructed from the line-integral intensities in order to investigate the spatial distribution of plasma parameters and ionization/recombination zones.
Experimental

Diagnostics
Figure 1 (a) shows a schematic view of a cross-section of the JT-60U tokamak, and Fig. 1 (b) an enlarged view of a cross-section of the divertor region. The divertor region was covered by 60 vertical (1-60 ch) and 32 horizontal (61-92 ch) viewing chords with a spatial resolution of about 1 cm. The divertor dome interrupted 17 viewing chords of the horizontal array, and only the outer divertor plasma was observed with these viewing chords. The emissions from the divertor plasma were transmitted through optical fibers with a core diameter of 200 µm over a distance of ∼300 m to a visible spectrometer with a charge-coupled device (CCD) detector [9] . The focal length, the groove density and the inverse linear dispersion of the spectrometer were 0.2 m, 300 grooves/mm and 16 nm/mm, respectively. The full width at half maximum (FWHM) of the instrumental width at an entrance slit of 30 µm was 0.72 nm, and the covered spectral range 350-800 nm. A band reduction filter with a central wavelength of 656 nm, an FWHM of 30 nm and a transmittance at 656 nm of 6% was installed inside the spectrometer to reduce the D α intensity in particular. The CCD detector had a 26.8 × 26.0 mm 2 imaging area with a pixel size of 20 × 20 µm 2 , and the quantum ef- The magnetic configuration at t = 6.0 s of the discharge shown in Fig. 2 and the viewing chords for the CO 2 LASER interferometer and the visible spectrometer are shown.
ficiency was ∼93% at a wavelength of 550 nm. The frame rate of the CCD detector was set at 300 ms with an exposure time of 25 ms. Figure 1 (a) also shows the viewing chord of the CO 2 LASER interferometer, which measured the line-averaged electron density. The bolometer viewing chords were similar to the vertical viewing chords of the visible spectrometer, although the spatial resolution was ∼4 cm. Hereafter a viewing chord of the bolometer is labeled with the number of the corresponding viewing chord of the vertical array for the visible spectrometer.
Discharge
The present measurement was performed in an Lmode discharge with a toroidal magnetic field of 3.6 T, a plasma current of 0.8 MA, a safety factor at the 95% poloidal flux surface of 7.0, a major radius of 3.4 m, a minor radius of 0.9 m, a plasma volume of 62 m 3 , a triangular- , during a neutral beam injection at 3.5 MW, with increase in the D 2 puff-rate controlled by a feed-back control technique, the core line-averaged electron density increased. With increase in core line-averaged electron density, the radiation profile of the divertor changed as shown in Fig. 2 (c) . First, the radiation power along 12 ch was the highest. As shown in Fig. 2 (e), the intensity ratio of D δ to D α on 18 ch, which viewed the inner strike point, was already high. This indicates that low temperature and highly radiative plasma was formed at the inner divertor and that the plasma at the inner strike point was detached. Then, the radiation power at the inner divertor started to decrease at t ∼ 6.5 s and the radiation peak moved toward the Xpoint (25 ch), suggesting X-point MARFE. Similarly, in the outer divertor plasma, after 6.7 s, the radiation peak moved toward the X-point and the intensity ratio of D δ to D α increased, suggesting detachment of the outer divertor plasma. In the present work, plasma detached at the inner divertor but attached at the outer divertor at t = 6.0 s was analyzed.
Analysis
Tomographic reconstruction
Defects of viewing chords are issues in tomographic reconstruction. In the JT-60U divertor, the dome interrupts 025-2 17 horizontal viewing chords. Thus, the region between the inner divertor plates and the dome is observed only by the vertical viewing chords. In the present work, a Maximum Entropy Method (MEM) [10] was employed because MEM is more tolerant of defects of viewing chords than other tomography techniques based on the Fourier transformation [11] . In addition, MEM is more tolerant of measurement error than an Algebraic Reconstruction Technique (ART) [12] . Furthermore, an oblique grid was employed in the tomographic reconstruction. On the square grid shown in Fig. 3 (a), a false geometric pattern was seen in the reconstructed image. This false pattern was suppressed in the reconstruction on an oblique grid with lines parallel to the viewing chords, shown in Fig. 3 (b) [13] . Therefore, in the present work, MEM on an oblique grid with 53 × 32 cells was used for the reconstruction.
Collisional-radiative model
The temporal development of n D(p) , the population density of the deuterium excited level p, is expressed by the differential equation [14] ,
which is coupled with similar equations for other levels.
Here p and q stand for levels which are determined by a principal quantum number n, and n e and n D + denote electron density and deuteron density, respectively. The spontaneous transition probability from level p to level q is denoted by A(p, q) . The rate coefficients for electron impact excitation if p < q (de-excitation if p > q) and ionization are denoted by C(p, q) and S (p), respectively. The rate coefficients for three-body, radiative and di-electronic recombination are denoted by α(p), β(p), and γ(p), respectively. These rate coefficients are functions of electron temperature T e .
On the assumption that the quasi-steady-state solution is valid, the time derivative of Eq. (1) can be set at 0 [15] . Then, the set of coupled differential equations reduces to a set of coupled linear equations. The steady-state solution for the population density of D at level p is obtained as
where n D denotes the ground-state density of deuterium. The first term of the right hand side of Eq. (2) is the recombining plasma component, and the second term the ionizing plasma component. Here, R 0 (p) and R 1 (p) are referred as to the recombining and the ionizing population coefficients, respectively, and are shown in Fig. 4 . The recombining population coefficients increase with increase in the principal quantum number. Thus, the recombining plasma components of D α , D β , D γ , and D δ increase in that order. Similarly, the ionizing population coefficients decrease with increase in the principal quantum number. Thus, the ionizing plasma components of D α , D β , D γ , and D δ decrease in that order. The Balmer-series line intensity ratio for the recombining plasma component is expressed with the population coefficients as follows:
Here, I 0 (p, 2) is the Balmer-series line intensity of the recombining plasma component in a transition from p to 2. Similarly, the Balmer-series line intensity ratio for the ionizing plasma component is expressed as follows,
Here, I 1 (p, 2) is the Balmer-series line intensity of the ionizing plasma component in a transition from p to 2. The calculated intensity ratios of D β (n = 2 ← 4) to D α (n = 2 ← 3) are shown in Fig. 5 (a) is lower than 0.14. The same intensity ratio of the recombining plasma component depends on the electron temperature and density, in particular in the electron temperature range below 10 eV. In Fig. 5 (b) , the calculated intensity ratio of D δ (n = 2 ← 6) to D γ (n = 2 ← 5) are shown. The intensity ratio of the ionizing plasma component is lower than 0.23. If the electron density range is higher Figure 6 shows the spectrum measured at 6.0 s along 88 ch of the horizontal array, where the highest D α line emission intensity was observed. The deuterium Balmerseries line emissions from D α (n = 2 ← 3) to D δ (n = 2 ← 6) were observed with sufficiently high signal-to-noise ratio (S/N) to reconstruct the two-dimensional distributions. However, the intensities of the transitions with the upper level n > 6 such as D ε (n = 2 ← 7) were too weak for the tomographic reconstruction because the wavelengths of these lines were distributed in the ultra violet range, where the transmittance of the optical fiber was very low. Hence, in the present work, the tomographic reconstruction was performed for D α , D β , D γ and D δ .
Results and Discussion
The line-integral spatial profile of the D α line emission at 6.0 s is shown in Fig. 7 . The peak at 10 ch of the vertical array and the peak at 87 ch of the horizontal array suggest that a peak of the D α line emission was located above the inner strike point. Figure 8 shows the two-dimensional distribution reconstructed from the line-integral D α line emission shown in Fig. 7 . As expected from the line-integral profile, a peak of the D α line emission was found on the divertor plate inward from the inner strike point. A similar reconstructed two-dimensional distribution was obtained for the D β line emission.
From these two reconstructed two-dimensional distributions, the two-dimensional intensity ratio distribution of D β to D α was calculated. As shown in Fig. 9 (a) , the intensity ratio of D β to D α was higher than 0.14 around the D α emission peak. Figure 5 (a) shows that the intensity ratio higher than 0.14 cannot be due to the ionizing plasma com- Fig. 6 (a) The spectrum measured along 88 ch, and (b) the expanded spectrum between 360-500 nm.
025-4 ponent alone, indicating that a recombining plasma component was contained in the D β line emission. Figure 9 (b) shows the two-dimensional intensity ratio distribution of the D δ to the D γ line emission. The intensity ratio was higher than 0.23 throughout the inner divertor plasma, even at the peak of the D α line emission, unlike the intensity ratio of the D β to the D α line emission. This indicates that a recombining plasma component existed in the D δ line emission throughout the inner divertor plasma. Hence, volume recombination occurred throughout the inner divertor plasma. Note that around the divertor plates and the separatrix of the inner divertor region, the intensity ratio is presumably affected by a reconstruction noise.
As already seen in Fig. 4 , in the case where the ionizing and the recombining plasma coexist, the ratio of the recombining to the ionizing plasma component of D α , D β , D γ , and D δ increases in that order. Hence, the intensity ratio of the D δ to the D γ line emission is closer to the intensity ratio of the recombining plasma component than the intensity ratio of other line emission such as the intensity Fig. 5 (b) . This is because the population of the upper levels of these transitions (n = 5 and 6) are close to the Saha Boltzmann distribution, due to Local Thermodynamic Equilibrium (LTE). Therefore, the intensity ratio of the D δ to the D γ line emission is a good measure of the electron temperature in the case where the ionizing plasma component can be ignored and the electron density is higher than 5 × 10 19 m −3 . Given that the intensity ratio of D δ to D γ was 0.3 ∼ 0.4 throughout the inner divertor as shown in Fig. 9 (b) , the electron temperature was estimated to be 0.2 ∼ 0.5 eV. Next, the assumptions introduced to estimate the electron temperature were examined by analyzing the local population at a cell of the reconstruction grid. Figure 10 shows the local populations at the cell where the emission peak was found. Because this cell is on the center of the peak, high accuracy in the tomographic reconstruction is expected. In addition, because the line-integral intensity is the highest on the viewing chords of 10 ch and 88 ch, which pass through the emission peak, the line-integral intensity should be close to the local intensity ratio obtained by the tomography, meaning that a similar population ratio should be obtained. As shown in Fig. 10 , the local populations are in good agreement with the mea-025-5 sured line-integral populations on the assumption that the line-integral length is 0.07 m. This line-integral length is close to the two-dimensional width of the emission peak (∼ 0.1 m). These results indicate that the reconstruction of the two-dimensional distribution was successful.
Because the population ratio of these high n levels is sensitive to the electron temperature and not sensitive to the electron density under LTE, the electron temperature can be determined accurately from the population ratio. In addition, the absolute population density (not ratio) is sensitive to the electron temperature due to the electron temperature dependence of the recombination rate. For instance, the population density of n = 4 at T e = 0.5 eV is higher and lower by a factor of 5 than, respectively, that at T e = 1.0 eV and that at T e = 0.3 eV. Therefore, once the electron temperature is determined from the population ratio of the n = 4, 5 and 6 levels, the electron density can be determined from the absolute population density. In the present work, the local population of n = 4, 5 and 6 is well reproduced by the populations of the recombining plasma component calculated by the collisional-radiative model with an electron temperature of 0.5 eV and density of 1.0 × 10 20 m −3 .
However, the local population of n = 3 is higher by a factor of 1.5 than the calculated one, showing that another population component is contained. To compensate for this difference with the population of an ionizing plasma component with an electron temperature of 0.5 eV, an impossibly high neutral deuterium density of 1 × 10 27 m −3
is required. This indicates that the ionizing plasma component is negligibly low in the divertor plasma parameter range, and that other different processes such as molecular assisted recombination (MAR) are involved. In Alcator C-mod, a similar result was obtained [3] ; the high population of the n=3 level could not be explained by the absorption of the Lyman-series line emission, and therefore, it was concluded that the MAR process contributed to the n=3 population. It was shown that the MAR process contributed substantially to the electron-ion recombination in JT-60U [7] . The difference between the measured and calculated population density could be explained by postulating that the MAR process selectively populates the n=3 level. For this purpose, a more accurate collisionalradiative model, which can consider the collisional transitions between the excited levels of the molecule, is required.
Summary and Conclusions
In order to investigate the volume recombination in detached divertor plasmas, all the Balmer-series lines were measured simultaneously and two-dimensionally with a spatial resolution of ∼1 cm. From the line-integral intensity, the two-dimensional distributions of D α , D β , D γ and D δ were reconstructed with an improved tomographic technique on an oblique grid following the viewing chords. It was observed that the deuterium Balmer-series line emissions peaked above the inner strike point in the inner detached plasma. The two-dimensional emission ratio of D δ to D γ indicated that the volume recombination occurred throughout the inner divertor plasma. In particular, through comparison of the local population density at the emission peak and the population calculated by the collisionalradiative model, it was shown that the population density of high n levels (n = 4, 5 and 6) was determined by the electron-ion volume recombination with an electron temperature and density of 0.2-0.5 eV and 1×10 20 m −3 , respectively, and that the population density of the n=3 level was not explained by the recombining plasma component with or without the ionizing plasma component. Presumably, the population of the n=3 level was enhanced by molecular assisted recombination processes. To investigate the population process at the n=3 level, a more detailed collisionalradiative model is required.
